Abstract
Introduction
Colloidal nanocrystals (NCs) have been synthesized in various sizes, compositions and shapes, [1] all sharing the same fundamental characteristic: a large surface area. The surface can be either manipulated, used or passivated but cannot be neglected for most applications such as catalysis, [2] thermoelectrics, [3] nanocomposites, [4] thin film electronics, [5] optoelectronics [6] or electrochromic devices. [7] The NC surface determines the colloidal stability and the physico-chemical properties of the NCs. For these reasons, the surface is often capped with organic surfactants, hence the identification of a colloidal NC as a hybrid object with an organic-inorganic interface. Characterizing the NC core-ligand interface (i.e., the binding modes, the dynamics and the reactivity of the ligands) demands analytical tools probing the NC surface at the molecular scale. Among the various surface characterization methods such as infrared (IR) and X-ray photoelectron spectroscopy (XPS), nuclear magnetic resonance (NMR) stands out due to its high resolving power. [8] Combining solution 1 H NMR and elemental analysis (inductively coupled plasma -mass spectroscopy, ICP-MS), it was established that binary metal chalcogenide nanocrystals such as PbSe and CdSe NCs are cation rich and the charge is balanced by X-type carboxylates in a binding motif denoted as NC(MX2), see Scheme 1. [9] Furthermore, this MX2 unit as a whole, is a Z-type ligand and can also be involved in ligand displacement, having a great impact on the optical properties of the nanocrystals. [6d] In contrast, carboxylic acids are able to dissociate on stoichiometric metal oxide NCs. [10] Presumably, protons bind to surface oxygen atoms whereas carboxylates bind to surface metal sites, a binding motif denoted as NC(X)2, see Scheme 1. This combination of X-type ligands is charge neutral as a whole, and allows for ligand displacement by L-type amine ligands. [11] Furthermore, the surface protons were shown to greatly affect the redox chemistry of ZnO nanocrystals [12] and determined the catalytic activity of HfO2 NCs. [2a] Another example of the NC(X)2 motif is found in case of stoichiometric CsPbBr3 perovskite NCs, which are dynamically stabilized by an ion pair:
alkylammonium carboxylate (Scheme 1). [13] The deep understanding of NC surface chemistry has led to a rationalization of ligand exchange and has been advancing NC applications. [14] Further elaboration on the LXZ classification, binding motifs and ligand exchange can be found elsewhere. [2a, 14] Scheme 1. The surface chemistry of NCs, stabilized by carboxylates/carboxylic acids.
Unfortunately, the surface chemistry was often inferred indirectly since proton or carbon nuclei close to or on the surface are not detectable in solution 1 H NMR. [15] Although derivatization and ligand exchange are commonly used to characterize ligands, [10, 16] they are invasive, ligand-specific processes that may have uncontrolled effects such as surface oxidation or residual water adsorption.
[16c] Furthermore, solution 1 H NMR does not allow to determine relations between different ligands and different surface sites (as is the case in the NC(X)2 motif). On the other hand, solid state NMR (ssNMR), especially using the crosspolarization (CP) sequence, is of high relevance in the context of surface characterization and mobility-restricted fragments or ligands: the low motion can be advantageously used through the CP experiment to enhance the signals which are typically too broad and too weak to be observed. This is usually achieved using traditional 1D 1 H-X CP (X= 13 C, 31 P, 77 Se…) or 2D 1 H-X heteronuclear correlation (HETCOR).
In this paper, we study two technologically relevant metal oxide NCs; hafnium and zirconium oxide for their use in photoluminescence, [17] catalysis, [2a] volume holography, [4d] biomedical applications, [18] superconducting nanocomposites, [4b] γ-ray scintillators [4c] and high κ or high refractive index nanocomposites. [19] We use solid state NMR to shed light on the nature of interaction between the NC surface and both primary and secondary ligands. A first group of ligands is covalently interacting with the surface and a second group of ligands is hydrogen bonding or electrostatically interacting. In addition, we confirmed the NC(X)2 binding motif that was inferred from solution NMR measurements. [10] [11] It is shown that both on ZrO2 and HfO2 NCs, carboxylates have two different coordination modes (chelating and bridging) whereas the bridging mode is clearly favored. We show unambiguously the presence of surface protons and their correlation with the bridging carboxylate mode, uncovering an unprecedented level of detail compared to previous ssNMR studies of carboxylic acid capped ZrO2 and HfO2 particles. [20] After ligand exchange with L-type amine ligands and purification with acetone, the chelating mode is removed and in the supernatant, an imine product is found, indicating a catalytic effect whereas the extent of imine formation is higher for HfO2
NCs.
Results and Discussion
Nanocrystal synthesis and solution NMR. Aggregated, HCl capped ZrO2 and HfO2 NCs were synthesized in benzyl alcohol from the respective metal chloride precursor. [21] As expected, the monoclinic crystal phase is recognized in the XRD diffractogram of both ZrO2
and HfO2 ( Figure S1 ). The NCs were de-aggregated by a post-synthetic surface modification [4d, 10, 21b, 22] with dodecanoic acid and oleylamine (Scheme 2). It was earlier inferred from solution 1 H NMR experiments [10, 21b] that dodecanoic acid is the primary ligand, tightly bound to the NCs in a monolayer. Oleylammonium chloride and excess dodecanoic acid are secondary ligands, interacting weakly with the surface, a state which was vaguely described as "entangled" in the ligand shell or physisorbed. [10, 23] These secondary ligands could be removed by extensive purification (Scheme 2). 
ZrO2 -ligand shell configuration.
To obtain a more complete picture on the ligand shell, we turned to solid state NMR. Two ZrO2 NC samples were prepared, either purified five times (5x) by precipitation with acetone or only once purified (1x). In solid state 13 C direct polarization (DP) MAS, all the carbon resonances are probed. Indeed, the carbonyl (181.6 ppm) and αCH2 (37.2 ppm) resonances of dodecanoic acid are observed in the DP MAS spectrum of 5x purified ZrO2 NCs ( Figure 2 ). The alkene resonance is not observed, confirming the absence of oleylammonium chloride in the ligand shell. To increase the signal to noise ratio, and to assess the ligand orientation on the surface, cross polarization (CP) is used. As the gyromagnetic ratio of 1 H is four times higher than of 13 C, a magnetization transfer of protons to carbons results in 13 C signal enhancement. Interestingly, the enhancement is more efficient in case of restricted mobility, rendering CP ideal to study ligands attached to NC surfaces. [24] The transfer of polarization takes place at the millisecond time scale so for nuclei with mobility faster than milliseconds, the transfer of polarization (and thus signal enhancement) will not be effective. [25] Therefore, the Enhanced by Polarization Transfer) yield information on molecular dynamics. DP yields quantitative spectra of all 13 C nuclei in the sample, while CP and INEPT select molecular segments being rigid (with order parameter S > 0.5 and/or rotational correlation time τc > 10μs) or mobile (S < 0.05 and τc < 0.01μs), respectively. Comparing the CP and DP MAS spectrum of 5x purified ZrO2 NCs (Figure 2 ), we observe a decrease in intensity of the CH3 resonance (13.5 ppm), relative to the αCH2 resonance. On the other hand, in the INEPT MAS spectrum, the αCH2 resonance is absent and the CH3 is the most intense resonance. Since the INEPT experiment probes the part of the sample with mobility, the CP and INEPT experiment both indicate a high mobility for the CH3 and a low mobility for the αCH2. Therefore, the carboxylate functional group is interacting with the surface and the methyl group is much further away from the surface. close to the surface. This proves that the orientation of the secondary surfactants is the same as the orientation of the tightly bound dodecanoic acid; the hydrophilic head towards the surface. This sheds light on the vague term 'entanglement' which was used to described the weakly bound state of surfactants. [10] Since random van der Waals interactions would lead to a random orientation in the ligand shell, we conclude that the second coordination layer is interacting through hydrogen bonds or electrostatic interaction with the polar surface or the polar functional group of the tightly bound surfactants. Figure S2 ), ionic and monodentate bonding modes can be ruled out since this would require a frequency difference of at least 160 cm -1
. [26] However, it is sometimes misleading to discriminate the two other potential bonding modes (chelating bidentate and bridging bidentate) only via IR data. [27] Fortunately, the carbonyl 13 C NMR chemical shift of carboxylate ligands has been shown to be a highly sensitive probe to diagnose with high resolution the binding modes of the carboxylate. [27] The well-documented chemistry of zirconium carboxylates features polynuclear structures, in which the carboxylate ligands can display either a chelating coordination mode or a bridging bidentate one. Both ligation modes are straightforwardly identified in view of the significant difference of the chemical shifts, the chelating mode being shifted 5 to 13 ppm downfield. [28] This shift is in line with previous work on zinc carboxylate where this was explained by electronic effects of the bound metal. [27] It is thus reasonable to assign the resonances at 189.3 and 181.6 ppm respectively to chelating and bridging coordination modes. In the 1 H MAS spectrum of the 5x purified NCs ( Figure 3A ), a broad contribution was identified next to the expected resonances of dodecanoic acid. We attribute this broad resonance (in green) to protons on the ZrO2 NC surface, denoted as Zr-OH. Importantly, the carbon resonance at 181.6 ppm shows a correlation with the Zr-OH ( Figure 3B ), indicating the proximity of zirconol moieties to the carboxylate. Based on these observations, we depict the coordination modes in scheme 3. The 189.3 carbonyl resonance corresponds to a chelating binding mode and the interpretation is straightforward. The most likely coordination for the bridging mode (181.6 ppm) is the situation where a carboxylate bridges a hydrogen and a zirconium atom (Scheme 3A). This satisfies the requirement for bridging coordination and takes into account the correlation to Zr-OH. However, on the basis of these data the presence of a carboxylate bridging two zirconium atoms, cannot be fully discarded (Scheme 3B).
Nevertheless, in this case, a random position of the zirconol at the surface is expected and thus, some interactions (and the subsequent correlation in the HETCOR spectrum) should also be observed with the chelating carboxylates. The most exiting result is that the prevalent bridging coordination seems to confirm the surface chemistry binding motif NC(X)2 where two X-type moieties (proton and carboxylate) are interacting with two different surface sites (zirconium and oxygen). However, it should be noted that the present experiments also indicate that there is still a proton-carboxylate interaction and that the carboxylic acid is thus not completely dissociated. In this respect, one may argue that carboxylic acids can be regarded, not as a combination of 2 X-type ligands but rather one ligand with two X-type functionalities; NC(X2) instead of NC(X)2. Generalization to HfO2 NCs. The same experiments were conducted for HfO2 NCs. About the same frequency difference (136 cm -1 ) was found between the symmetric and the antisymmetric carbonyl stretch in the IR spectrum ( Figure S3 ). Indeed, the coordination modes of dodecanoic acid towards the hafnia surface are identical as to the zirconia surface since the same carbonyl resonances are apparent from the CP MAS spectrum ( Figure 4A ). The αCH2 resonance is again not detected in the INEPT experiment, confirming the orientation of dodecanoic acid to HfO2. The surface hydroxyl groups are clearly detected in the 1 H MAS spectrum ( Figure 4B ) and the correlation with the bridging mode is apparent from the HETCOR experiment ( Figure 4C ). Although HETCOR is powerful, the experiment is also time consuming. Recently, Delpech and coworkers have proposed the use of a Forth and Back CP experiment (FBCP) where polarization is transferred from hydrogen to phosphorus atoms of a NC and back to hydrogen atoms. [29] In this way, it was possible to selectively probe the hydrogen atoms on and close to the phosphorus atom at the NC surface. In our case of HfO2
NCs, the inorganic core does not contain any abundant NMR sensitive nucleus, hampering the technique. However, the carbonyl carbon is quite isolated in the 13 C NMR spectrum and therefore, it was possible with the use of selective pulses to edit hydrogen atoms close to carbonyl through selective polarization transfers. The surface hydroxyl groups are now clearly apparent in the 1 H FBCP NMR spectrum ( Figure 4B ). Ligand exchange. It is known from literature that amine ligands are able to displace carboxylic acids on metal oxide surfaces when provided in a large excess. [11] To investigate the influence of this ligand exchange to the coordination modes, we added 10 equivalents of oleylamine to the 5x purified ZrO2 and HfO2 NCs, dispersed in chloroform. This causes the displacement of 13 % of the original carboxylate capping layer ( Figure S4 ). We subsequently purified the dispersion three times with acetone and investigated the resulting NC powder and the first supernatant. Although the IR spectra before and after amine treatment look identical ( Figures S5 and S6 ), the ssNMR spectra are more revealing. It appears that the chelating mode has vanished in the case of ZrO2 NCs and decreased considerably in intensity in the case of HfO2 NCs (see Figure 5 ). These results clearly show a higher reactivity of the carboxylate ligand in chelating mode than that one in bridging mode towards the ligand exchange by oleylamine. This selectivity in the reaction can be explained by the higher electrophilicity of the carboxylate moiety in the former mode compared to the latter. The different electrophilicity of these carboxylates is also supported by the difference in their chemical shift of the 13 C carboxylate nuclei (189.3 vs.
181.6 ppm for chelating and bridging mode, respectively vide supra). This is attributed to electronic effects of the bound metal. [27] Nanocatalysis. Analysis of the supernatant revealed the formation of an imine product (see Figure 6 ). This is derived from the condensation reaction between oleylamine and acetone; the solvent used for the precipitation of both ZrO2 and HfO2 NCs. The characterization of the imine is available in the supporting info ( Figure S7) . A higher imine content was found in the supernatant of the HfO2 NCs as determined by solution 1 H NMR spectroscopy (95% vs. 75%
for HfO2 and ZrO2 respectively). The conversion yield was calculated based on oleylamine. In nano-catalysts in the condensation reaction, as it is well known that the synthesis of imines from carbonyl compounds can be acid-catalyzed. [30] The control experiment with dodecanoic acid suggests that the reaction might be more likely catalyzed by the Lewis acid (hafnium or zirconium) surface sites rather than by the Brønsted acidity of adsorbed carboxylic acids, although the influence of hydrogen bonding cannot be excluded. Imines are important intermediates in the synthesis of various biological, agricultural, and pharmaceutical compounds since they can undergo versatile transformations (reductions, additions, condensations, and multicomponent reactions. [30] [31] The high conversion percentage at room temperature, especially for HfO2, shows the potential of these metal oxides as nanocatalysts for this reaction. Although it should be noted that imines can be produced from alcohols and amines by using Pd or Au on a zirconia support, [32] this is the first example (to the best of our knowledge) in which ZrO2 or HfO2 serve as the sole nano-catalyst for imine formation. Together with the recently discovered catalytic activity of HfO2 in the esterification and transesterification reaction, [2a] these results put zirconia and hafnia squarely in the focus of acid-base catalysis and further optimization is required to bring these materials to their full potential.
Conclusion
Solid state NMR analysis was able to reveal unprecedented details on ligand shell configurations. We contributed to the discussion on secondary "entangled" ligands and show that those ligands are interacting with the surface through hydrogen bonding and electrostatic interaction. We also confirm the NC(X)2 binding motif of carboxylic acids on ZrO2 and HfO2 NC surfaces. Through the application of HETCOR and FBCP, the surface protons were identified and correlated to the carbonyl carbon of a carboxylate in a bridging coordination mode. Also a minor chelating mode was identified. During ligand exchange with oleylamine, the chelating mode appeared to be more reactive and was readily displaced. We also found that the zirconia and especially the hafnia NCs catalyzed the imine formation of acetone with oleylamine. These results confirm the importance of zirconia and hafnia for catalysis and widen the scope of their catalytic applications.
Experimental section
Nanocrystal synthesis. HfO2 and ZrO2 NCs were synthesized via an established microwaveassisted solvothermal process. [10, 21b] The precursor preparation was executed in a nitrogen filled glovebox. Very briefly, 0.5 mL of dibenzyl ether was added to 0.56 mmol (0.13 g) of ZrCl4, after which 4 mL of benzyl alcohol is added. After microwave heating at 210 °C for C DP MAS experiments, small flip angle (~30°) were used with recycle delays of 5 s and 10 s respectively. 13 C CP MAS were recorded with a recycle delay of 2 s and contact times between 2 ms and 5 ms. signals were eliminated with a saturation protocol that uses a loop of π/2 pulses with a timedecreasing interval (from 100 ms to 10 ms by steps of 10 ms). Carbonyl resonance were selected by replacing in the FBCP experiment, the second 90 degree hard pulse of 13 C by a 90
selective Gaussian shape pulse of 300 μs length. Chemical shifts were referenced to liquid TMS.
Other Characterization. FT-IR spectra were recorded on a Perkin-Elmer Spectrum 100 FT-IR spectrometer (solid state samples). For X-ray diffraction (XRD) characterization a Thermo Scientific ARL X'tra X-ray diffractometer was used with the CuKα line as the primary source.
Transmission electron microscopy (TEM) images were taken on a JEOL JEM-2200FS TEM with Cs corrector.
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